Abstract. In drug development, phase 1 first-in-human studies represent a major milestone as the drug moves from preclinical discovery to clinical development activities. The safety of human subjects is paramount to the conduct of these studies and regulatory considerations guide activities. Forces of evolution on the pharmaceutical industry are re-shaping the first-in-human dose selection strategy. Namely, high attrition rates in part due to lack of efficacy have led to the re-organization of research and development organizations around the umbrella of translational research. Translational research strives to bring basic research advances into the clinic and support the reverse transfer of information to enhance compound selection strategies. Pharmacokinetic/pharmacodynamic (PK/PD) modeling holds a unique position in translational research by attempting to integrate diverse sets of information. PK/PD modeling has demonstrated utility in dose selection and trial design for later stages of drug development and is now being employed with greater prevalence in the translational research setting to manage risk (i. e., oncology and inflammation/immunology). Moving from empirical E max models to more mechanistic representations of the biological system, a higher fidelity of human predictions is expected. Strategies that have proven useful for PK predictions are being applied to PK/PD predictions. This review article examines examples of the application of PK/PD modeling in establishing target concentrations for supporting first-in-human study design.
INTRODUCTION
Phase 1 studies involving the first-in-human dose administration represent the transition from preclinical studies to the clinic. The studies are designed to capture fundamental properties of a new chemical entity or biologic such as safety, tolerability, pharmacokinetics (PK), and in the case of biologics, immunogenicity while minimizing the potential risk to subjects. A renewed emphasis of phase 1 study design is being recognized in part due to the need to reduce attrition in later phases of development, decreasing number of innovative new medicines, and impending patent expiration for major products (1) (2) (3) . Higher upfront investment to de-risk projects prior to advancement to later, more costly phases will be important to improve R&D productivity (2) . Inclusion of pharmacodynamic measures (both biomarkers and exploratory endpoints) in early clinical studies has become critical for building confidence, defining mechanism of action, and supporting earlier decisions for projects which merit further investment (4, 5) . In the model-based drug development paradigm, this information can be leveraged by using mathematical models to inform the study design for future studies (6) .
The significance of transition from preclinical to clinical studies has been recognized leading to the re-organization of research units into translational groups bringing involved disciplines closer together. The intent is to leverage basic science to better support the translation of in vitro and in vivo preclinical data into clinical decisions (7, 8) . In addition, the reverse transfer is encouraged such as using clinical information from lead molecules to inform discovery strategies. The challenges of animal to human predictions with existing disease models and shift away from precedented mechanisms to novel therapeutic approaches has increased the demand for biomarker development (9) . Biomarkers have been broadly characterized into target, mechanism, and outcome categories (5, 10) . With a focus on strategies to increase confidence in the molecule or the approach early in clinical development, it is envisioned that better use of resources will follow improving the delivery of novel therapeutics to patients.
Several work streams converge providing important inputs in the consideration of first-in-human study design.
Work streams include research pharmacology, preclinical safety evaluation, risk assessment, and biomarkers ( Fig. 1) . Translational research pharmacology groups define the mechanism of action of a new therapeutic through in vitro and in vivo studies. In addition, key differences across species are defined in target expression and affinity of the drug for the target. Preclinical safety studies establish the patterns of toxicity arising from drugs after the intended route of administration in animal species. In addition, doses and exposures associated with toxicity are defined, serving as upper limits to the concentration range to be explored in clinical studies involving healthy volunteers. Risk assessment involves gathering available information about the pharmacological target and related mechanisms, and the available compound safety database to define the level of caution around first-in-human dose selection. Molecular scientists help to define the strategy with respect to biomarker selection and validation, building confidence that a robust signal of drug effect can be defined. The inputs from the above work streams sets the foundation upon which a dose selection rationale can be proposed. The PK/PD model serves as a tool to integrate a wide range of data and facilitate the exchange of information.
Application of the target concentration approach in drug development has been described and is a fundamental concept in translational PK/PD efforts (11) . Key steps in the target concentration approach include selection of a target effect, defining the target concentration associated with target effect, and use of predicted PK and PK/PD parameters to calculate a dosing regimen to maintain the target concentration for a chronic dosing regimen. Recent publications demonstrate the use of the target concentration approach in the prediction of human dose regimens (12, 13) . Continued advancement of computational tools and translational focus in drug discovery have increased opportunities for physiological or mechanism-based PK/PD approaches to be applied much earlier in the lead optimization phase in discovery (14) (15) (16) . These activities help to build confidence in the mechanism of action, demonstrate the robustness of the pharmacological measurement, and enable in vitro to in vivo potency comparisons which guide PK/PD optimization.
The integration of successful translational research efforts is embodied in the prediction of human target concentrations. Early selection of the target effect is important to facilitate compound selection. Predictions of human PK need to be merged with PK/PD relationships to predict a dose having the greatest likelihood of achieving the target effect. In the context of reducing attrition, this may lead to more efficient drug development by rationally selecting compounds with the greatest chance of success, and discarding compounds which are unable to produce desired concentrations due to PK or toxicity profiles. The relationship between concentration and effect is derived from responses measured in animal models. Where possible, mechanismbased PK/PD models are developed to describe the system and the impact of drug treatment on underlying physiology. These models have shown utility in helping to bridge preclinical experience to effective human doses and concentrations to be explored in early clinical studies. The objective of this review is to provide examples of the application of preclinical PK/PD modeling highlighting translational efforts in drug development as a rational basis for dose selection in first-in-human studies.
Regulatory Considerations
Given the importance of safe guarding human subjects, regulatory guidance documents have been issued by the Food and Drug Administration (FDA) and the Committee for Medicinal Products of the European Medicines Agency (EMEA). The intent of these guidance documents related to first-in-human starting dose is to provide a robust scientific rationale for the dose selection to avoid toxicity in the first dose cohort. An overview of the starting dose recommendation based on FDA and EMEA regulatory guidance documents is shown in Fig. 2 . It is recognized that the appropriate starting dose will balance the need to limit risk for the subject population, but also dose escalate to therapeutic concentrations in an efficient manner (17) . An algorithm to estimate the maximum recommended starting dose (MRSD) for firstin-human studies in healthy volunteers was proposed for new drugs and biologics (18) . The document provides a basis for the consistent use of terminology, scaling factors across species, and overall strategy. Of note, two parallel approaches are envisioned to the selection of starting dose. The first involves scaling of doses to calculate the MRSD, while the other is based on animal exposures and modeling. The major elements of the MRSD process include the determination of the no observed adverse effect level (NOAEL) in animal species, conversion of NOAEL to the human equivalent dose (HED) through the application of scaling factors, selection of the most appropriate species, and use of a safety factor. The safety factor is to provide an additional margin of safety for humans given the possibility that humans could be more sensitive to the toxic effects of a drug.
An alternative to scaling the NOAEL dose involves the use of the pharmacologically active dose (PAD). This approach may be particularly useful when the effects in humans may arise from exaggerated pharmacology (i.e., anticoagulants, vasodilators, and biologics). Scaling the PAD to a HED may give rise to an estimate that is lower than the MRSD derived from the NOAEL. In particular, demonstration of a robust dose-response relationship is needed and consideration of the translation of the animal response to humans is integral to the use of PAD.
In the aftermath of the TGN1412 case, the EMEA issued a guidance document on first in human dose selection which emphasized identification of factors influencing risk (19) . In situations where the translation of toxicological data from preclinical species to human is uncertain additional considerations are needed. Knowledge of mode of action, nature of the pharmacological target, and relevance of animal models are additional considerations in assessing the potential for severe adverse reactions. The concept of the minimum anticipated biological effect level (MABEL) approach was introduced for medicinal products which fall into the high risk category. The MABEL approach integrates pharmacology and toxicology information into the selection of the first-inhuman starting dose. In particular, use of PK/PD models is suggested to integrate available in vitro and in vivo information. The specific types of information to be integrated included (a) in vitro studies to characterize binding and affinity to the pharmacological target, (b) in vitro concentration-response evaluation in test species and human cellular systems, and (c) concentration-response in animal models.
In the discovery setting, PK/PD models are being developed and used to integrate in vitro and in vivo data to predict efficacious plasma concentrations as part of candidate selection process during lead optimization (20) . This additional effort, while not always a requirement, may help to prioritize lead molecules with respect to PK/PD properties, give early information about dosing requirements prior to or in parallel with the collection of safety data, and support the selection of optimal dosing schedules.
Small Molecule PK Predictions
The development and refinement of PK prediction methods have continued to advance, in part leading to a reduction in compound failure rates during early development due to unacceptable PK properties over the last decade (1) . PK predictions define the dose-concentration relationship necessary for guiding dose selection and are based on in vitro and in vivo data. The key parameters to be defined by PK predictions include clearance, bioavailability and volume of distribution. For drugs which are intended to be given orally, clearance and bioavailability are the determinants of the resulting area under the concentration-time curve for a given dose. Many small molecule drugs (MW<1,000 Da) are cleared by hepatic metabolism. For the prediction of hepatic clearance, in vitro methods have been proposed including the use of hepatic subcellular fractions such as microsomes, hepatocytes, and expressed enzymes (21) . Fundamental differences in protein binding, blood flow, and organ size can be included in the well-stirred model of hepatic clearance to predict hepatic clearance. The validity of in vitro predictions can be assessed within each species to build confidence in the prediction method.
In vivo methods utilize PK data collected in one or more species to scale-up human predicted PK parameters based on allometric principles (22, 23) . The underlying principle is that physiological functions can be scaled across a wide range of body sizes. The power law function that is typically applied to allometric scaling is shown in Eq. 1:
where Y is the predicted parameter, a is the intercept, BW is body weight, and b is the exponent. The value of the exponent for clearance and volume of distribution scaling tend to be 0.75 and 1, respectively. It is also possible to estimate the exponent for a particular parameter when data from several species are available. Whole-body physiologically based PK (PBPK) models combine in vitro and in vivo data. PBPK models reflect major tissues and compartments in the body on the basis of flow models. Model parameters based on PK data in preclinical species is replaced with human values with assumptions around tissue distribution. PBPK approaches have been applied to both small molecules and monoclonal antibodies (24, 25) .
PK prediction methods attempt to predict human clearance or oral clearance within a factor of 2-fold. In a large retrospective analysis including 50 development compounds for which prediction methods were employed using a standardized single-species scaling approach, the human oral clearance predictions were within twofold of predicted for approximately 32-46% of the cases depending on the species chosen (26) .
Large Molecule PK Predictions
For monoclonal antibodies, physical size (∼150 kDa) dictates many disposition properties simplifying PK predictions (27) . Often, extravascular distribution of antibodies is limited, and volume of distribution is found to be similar to plasma volume (40 mL/kg) (27) . Elimination is in part controlled by catabolism by the reticuloendothelial system and recycling after binding to the FcRn receptor. Recent examples from the literature suggest a high success rate in the prediction of clearance for antibodies with linear elimination properties using monkey pharmacokinetic data and fixed exponent values (28, 29) .
Other factors influencing the disposition of antibodies involve the specific interaction with the pharmacological target (soluble ligand or receptor). The binding of the antibody with the pharmacological target can modulate the apparent volume of distribution and removal of the complex can enhance clearance in a dose-and concentration-dependent manner and has been referred to as target-mediated drug disposition (30) . In cases where pharmacodynamic data on the target interaction can be obtained, the target-mediated drug disposition model (31, 32) may serve as a basis for interspecies PK predictions enabling the inclusion of known species differences in target expression and affinity to be explicitly recognized in the model. Alternatively, for cases where pharmacodynamic information on the interaction with the target cannot be gathered, allometric scaling of available PK data may be utilized. Immunogenicity is another factor which can confound the interpretation of preclinical PK data, and may lead to enhanced elimination of the antibody in some cases (33, 34) . Generally, antibody-positive animals are excluded from the prediction of human clearance because immunogenicity in animals is a poor predictor of immunogenicity in humans.
PK/PD Predictions
In addition to the need for successful PK predictions, a new emphasis on successful pharmacodynamic predictions is emerging. Driven by the activities of the translational medicine initiatives, the development of biomarkers to detect drug responses early in development have lead to more opportunities to integrate PK and pharmacodynamic understanding into formal PK/PD models of drug effects. The value of PK/PD modeling to support dose selection in later phases of drug development is well-recognized (35) with examples of the PK/PD modeling applications in discovery are being reported with greater frequency. For the product of PK predictions to be fully leveraged, the relationship between concentration and effect must be understood (36) . Knowledge of the concentration-effect relationship enables the time-course of effect to be defined. While the prediction of human PK parameters involves similar parameters for each new compound (i.e., clearance, volume of distribution, and bioavailability), the nature of PK/PD predictions will depend on the pharmacological target and biomarker upon which the prediction is based. In general, the major components of PK/PD predictions can be classified into two areas, drugspecific and system-specific parameters (37) . The drugspecific parameters refer to the biological interaction between the drug and its pharmacological target. The system-specific parameters describe the physiology of the biological system which has been perturbed by drug administration. A wide range of mechanism-based PK/PD models exists for application to in vivo models (38) . Examples of these models have been applied to a range of efficacy models across therapeutic areas as highlighted in Table I . A third area where predictions are needed involves the study of the interrelationship between biomarkers and outcome. This information may come from clinical or preclinical studies, and is critical when informing dose selection using a biomarker.
The time course of pharmacodynamic effects can be viewed as either direct or indirect. For direct PK/PD relationships, concentrations are correlated with effects in a reversible manner with the peak pharmacodynamic effect observed at the same time as peak drug concentrations. The sigmoid E max model (Hill equation) is based on the receptor occupancy theory and used to describe the nonlinear concentration-effect relationship as shown below in Eq. 2.
where the effect of the drug (E) can be described by some maximal effect (E max ) and the concentration associated with half of the maximal effect (EC 50 ). The Hill slope coefficient (γ) increases or decreases the steepness of the concentration- 50 values from in vitro to in vivo and across species include protein binding, pharmacological target affinity and expression, tissue distribution, and active metabolites. For small molecules which may be subject to extensive plasma protein binding, it is necessary to correct for the fraction unbound which may differ substantially across species. It is assumed that the free concentration in plasma is in equilibrium with free concentration in tissues, but interaction with efflux and uptake transporters may confound the relationship. In addition, for small molecules and biologics, species differences in the interaction between the drug and pharmacological target should also be considered. During the drug discovery and lead optimization process, there may be an opportunity to confirm that a consistent relationship exists between in vitro and in vivo potency parameters providing greater confidence in the measurements. In cases where the in vitro potency is predictive of in vivo potency, correcting for species differences in potency is warranted as described by Chien et al. (12) . Distribution of the drug to its target site of action can impact the pharmacodynamics of a drug (47) . Therefore, where possible, measurement of tissue drug concentrations that represent the site of action should be included to define the time-course of drug delivery to the target. This additional information can guide help to distinguish between potency and distribution properties which may be import when selecting from several potential candidates. Distinguishing between active free drug and drug bound to specific and/or non-specific binding sites remains challenging. An understanding of the metabolism of the drug is also crucial because active metabolites can contribute to the drug effects and may confound the concentration-effect relationship. Modeling approaches to include the effect of AR-HO47108 and its active metabolite AR-HO47116 on gastric acid inhibition in dogs have been described (48) . Optimal delivery of the drug to its site of action or biophase must also be considered as part of PK/PD predictions. However, depending on the site of action, tools to assess biophase concentrations may or may not exist. If available, compound permeability and distribution to the site of action may be evaluated in conjunction with in vivo measures of activity to define distributional properties. Drug distribution to target tissue is frequently investigated in disease models of the central nervous system, oncology, and infectious disease. The hypothetical effect compartment model was proposed to describe temporal delays in effect where drug distribution is rate-limiting as shown in Eq. 3 (49) :
where the rate of change of concentration in the effect compartment is described by k 1e is the first order rate constant describing movement of drug out of the central compartment, Cp is the plasma concentration of drug, k e0 is the first-order rate constant describing drug elimination from the effect compartment, and C e is the effect compartment concentration. It is assumed that the effect compartment is sufficiently small so as not to influence the disposition of the drug in the central compartment. As demonstrated by Kalvass et al., accounting for differences in the brain distribution of μ-opioid receptor agonists enabled a consistent in vitro to in vivo potency correlation across seven compounds (50) . For therapeutic monoclonal antibodies, proteins, and peptides, the highly specific affinity for the human target may limit their use in other animal species in characterizing pharmacological activity. The use of surrogate antibodies is often employed to demonstrate in vivo activity in disease models. Correction for in vitro potency differences between the surrogate antibody and the clinical candidate was proposed by Mordenti (51) . In addition, studies which investigate antibody PK after changes in pharmacological target expression may help to better predict dose requirements in disease versus healthy populations as demonstrated by Vugmeyster et al. (52) .
System-specific parameters are defined by the underlying physiology of the biological system that is being studied. As an example, the indirect response model has been used extensively to characterize drug effects for drugs which act on turnover processes (53, 54) . The general equation for the indirect response model is shown below in Eq. 4.
where R is the response, k syn is the zero-order synthesis rate, and k deg is the first-order degradation rate. A family of four indirect effect models has been applied. Drug effects can include (1) inhibition of input, (2) inhibition of output, (3) stimulation of input, and (4) stimulation of output, where model selection is based on an understanding of the mechanism of drug action. For chemotherapeutic agents such as anti-cancer and anti-bacterial agents, irreversible effect models are used to describe the delay between concentration and effect (55) . System parameters for the growth and death of cells are used to describe the time course of cell proliferation. Drug effects can be incorporated to impair growth or stimulate cell death depending on the mechanism of action. Further modifications to account for time delays due to signal transduction events (40) or time-dependent changes in cellular resistance may be required. Additionally, a wide range of other mechanism-based models exist, but are beyond the scope of this review (38) . Approaches to the PK/PD predictions involving system parameters from preclinical species to humans have involved the use of allometric scaling techniques or utilized available data from humans directly. Two recent examples illustrate the successful application of allometric scaling of PK/PD parameters, and involved in 5-Ht 1A receptor mediated responses in rats and red blood cell responses to recombinant human erythropoietin (rhuEpo) (42, 56) . Allometric scaling principles were applied to mechanism based PK/PD models to predict the time-course of response in humans. The allometric coefficient for parameters that are related to physiologic time was 0.25. When human data exist for system parameters, it is possible to incorporate them directly into the model avoiding the need for allometric scaling (36) and discussed in more detail below. Phase zero studies may play a role in the future to define system parameters where this information is critical.
Leveraging PK/PD Predictions in First-in-Human Study Design
Several areas of the first-in-human study design can be informed by PK/PD modeling. Effective integration of the product of PK/PD predictions is an evolving area. An iterative process is involved for defining key parameters for the first in human study which considers the products of parallel work streams defined in Fig. 1 . Areas of focus are considered in more detail below: Select Safe Starting Dose. As defined by regulatory guidance, a safe starting dose should minimize risk to healthy human subjects by avoiding concentrations that may produce profound pharmacological effects and toxicity. A robust scientific rationale should effectively integrate available information. Alternatively, in settings involving patientcentered first-in-human studies, PK/PD modeling can help to avoid starting at unnecessarily low doses which would not be expected to offer any benefit.
Define Appropriate Concentration Range. PK/PD modeling can help to define the most appropriate concentration range to study drug response(s), inform the choice of dose escalation scheme through translation of preclinical doseconcentration-response, define doses associated with concentrations that may give rise to secondary pharmacology signals (such as QTc or blood pressure), and avoid doses that may exceed NOAEL exposure margins for healthy volunteer studies.
Inform Study Design Elements. Several study design elements can be supported with PK/PD model predictions. These elements include the selection of sample collection times for PK observations, pharmacodynamic observations, appropriate washout times, and duration of study. Duration of study is important particularly for some monoclonal antibodies may have an extended duration of exposure after a single administration.
Preclinical PK/PD Modeling Examples
During compound selection, PK/PD models help to define the relationship between in vitro potency measurements and in vivo potency, support the quantitative understanding of the mechanism of action linking biomarkers to downstream effects, and support human predictions of effect accounting for species differences. To date, a comprehensive analysis is not available to chart the increasing application of PK/PD predictions. Several recent publications illustrating the concepts involved in preclinical PK/PD modeling in the oncology and inflammation/immunology therapeutic areas are described in more detail below.
Oncology. Several translational efforts in oncology have been successfully applied and presented in the literature. The value of translational PK/PD modeling is in supporting the quantitative selection of doses that will produce effective concentrations and avoid severe toxicity, while lessening the chance of including additional cohorts at suboptimal doses with little hope of providing a benefit to patients enrolled in the study. In addition, it is recognized that animal models of disease can be misleading in terms of their prediction of clinical response. Some of the challenges involving PK/PD predictions for anti-cancer drugs involve the selection of the appropriate xenograft model in the face of a range of drug sensitivity across cell lines, differences in the dynamics of tumor growth between xenograft models and human tumors, and defining drug distribution to the tumor. The following examples demonstrate the integration of in vitro and in vivo data with PK/PD models to support human dose selection.
The utility of target concentration predictions arising for xenograft studies was evaluated by Rochetti et al. (57) . Tumor growth inhibition and PK of ten marketed anti-cancer agents which produce chemotherapeutic effects through cytotoxicity were evaluated in a common xenograft model, nude mice bearing human A2780 ovarian carcinoma implanted subcutaneously. A PK/PD model of tumor growth inhibition was used to estimate the anti-tumor potency of each agent (40) . A threshold concentration was derived from the tumor growth inhibition model to guide dose selection. In the PK/PD model, drug concentrations were linked to the rate constant describing the rate of cell death using the potency term k 2 . An inverse linear relationship (r=−0.92) was observed between k 2 and human systemic exposures observed in the clinic over the course of a typical 3-week cycle such that greater potency translated into a lower cumulative exposure requirement. For the development of future cytotoxic agents, the experimental approach and PK/PD model may be useful to help optimize dose selection for the clinic.
For emerging targeted therapeutics, PK/PD modeling plays an important part of target validation and supports translational efforts. Unlike cytotoxics, a window is expected between the dose that produces efficacy and the dose that produces toxicity. There does not appear to be a consensus as to whether dosing should be based on concentrations producing a specific level of effect in a sensitive xenograft model or a target biomarker response measured in the tumor or clinically accessible surrogate site (i.e., blood).
Preclinical PK/PD relationships for the small molecule cMet receptor tyrosine kinase inhibitor, PF02341066, were characterized in GTL16 gastric carcinoma xenografts after daily oral administration to support candidate selection and first-in-human dose selection (58) . This example of a mechanism-based PK/PD analysis demonstrates the combined assessment of drug to biomarker, and biomarker to outcome relationships. A one compartment model was used to describe the steady-state PK of PF02341066 after doses that ranged from 6.25 to 50 mg/kg. The authors applied a hypothetical effect compartment (link) model to account for the observed time delay between peak concentrations of PF02341066 in plasma and reductions in tumor cMet phosphorylation (biomarker). In addition, the relationship between plasma concentration of PF02341066 and tumor growth inhibition (outcome) were characterized with a first-order tumor growth model where the drug inhibited tumor growth with E max and EC 50 values. The PK/PD analysis indicated that the EC 50 for cMet phoshorylation was 18.5 ng/mL with a k e0 of 0.135 h −1 . The EC 50 value for GTL16 tumor growth inhibition was comparable to the EC 90 for cMet phosphorylation (213 vs. 167 ng/mL, respectively) suggesting that near complete inhibition of cMet was required for tumor growth inhibition by PF02341066.
A second example involving the small molecule B-Raf kinase inhibitor, GDC-0879, integrated PK, biomarker, and tumor growth inhibition into a PK/PD model to support firstin-human dose selection (59) . The PK of GDC-0879 was characterized by a one-compartment model with first order absorption after daily oral administration of 15-200 mg/kg to mice. An indirect response model with the drug inhibiting the zero order synthesis rate of the biomarker, pMEK1, was used to characterize the pharmacodynamics of GDC-0879 in nu/nu mice bearing A375 melanoma xenografts. To characterize the biomarker to outcome relationship, the inhibition of pMEK1 (%I) acted on the first-order growth rate constant of tumor volume with a sigmoidal E max model. Findings from these studies indicated that approximately 60% inhibition of biomarker (pMEK1) was required to achieve stasis in the A375 melanoma xenograft at GDC-0879 plasma concentrations of 4.5 μM. Interestingly, the hill slope coefficient was 8 indicating a very steep biomarker-response relationship. This example demonstrates a mechanism-based PK/PD approach to define target plasma concentrations and important insights into the mechanism of action.
A recent publication utilized preclinical PK/PD modeling to support selection of dose and regimen for the mammalian target of rapamycin (mTOR) inhibitor everolimus in cancer patients (60) . The PK of everolimus in blood and tissues were characterized in rats after oral administration, and scaled to humans using a physiologically based PK model. In addition, the pharmacodynamics of a marker of the mTOR pathway, inactivation of S6K1, was characterized in xenografts of CA20948 pancreatic tumors and peripheral blood mononuclear cell (PBMC) extracts. A direct effect model linked unbound everolimus concentrations to S6K1 activity. Simulations were performed using the predicted human PK parameters and the PK/PD model developed in rats under the assumption that an effective human dosage regimen would require a degree and duration of S6K1 inhibition in PBMC and tumor comparable to rats bearing everolimus sensitive tumors. The model developed from rats accurately predicted the S6K1 inhibition profile in human PBMC. Simulations suggested that 20-30 mg weekly doses of oral everolimus were required to provide comparable S6K1 inhibition to that observed in rats and providing >98% inhibition over the dosing interval. Higher doses of 50 and 70 mg weekly everolimus were not predicted to offer any additional benefit with respect to the degree or duration of S6K1 inhibition. An expansion study successfully demonstrated intratumoral mTOR pathway inhibition at the predicted doses (61) .
For monoclonal antibodies, the key steps in translational PK/PD modeling to support first-in-human dose selection were presented by Mordenti et al. (51) . The exposureresponse relationship for a murine anti-vascular endothelial growth factor (VEGF) monoclonal antibody (muMAb) was described with a process to perform human dose predictions. Beige nude mice were implanted with A673 human rhadomyosarcoma cells and received twice weekly intraperitoneal doses of 0.05-5 mg/kg muMAb for 4 weeks. Steady-state plasma concentrations were linked to the inhibition of tumor growth in model using a modified version of the sigmoidal E max equation at week 4 or at the time of euthanasia. The target plasma concentration of the muMAb was estimated for >80% inhibition of tumor growth (based on tumor volume measurements). Correction factors were applied to convert the muMAb target concentration to a recombinant human monoclonal antibody (rhuMAb) target concentration based on comparisons of in vitro potency and binding affinity which were reported to be similar for muMAb and rhuMAb. Human PK predictions were based on previous observations for another antibody, rhuMAb-HER2, under the assumption that the two antibodies would have similar PK. Simulations were conducted to estimate the human dosing regimen that would achieve predicted target plasma concentration for rhuMAb. The authors reported that concentrations >10 μg/mL were required for full efficacy in the xenograft model, and exposures from breast cancer patients in a Phase II confirmed the predictions. This study demonstrates the application of PK and PD in oncology to guide dose regimen selection for a monoclonal antibody targeting VEGF.
Inflammation/Immunology. For the sphingosine-1-phosphate receptor agonist FTY720, a physiologically based PK/PD model of lymphocyte trafficking was applied to predict target concentrations (36) . Lymphocyte counts were determined over time after a single IV administration in rats and monkeys. An indirect response model was used to characterize the time-course of drug effects where the drug inhibited the appearance of lymphocytes in blood in a concentration dependent manner characterized by an I max and IC 50 . Rats and monkeys had distinct IC 50 estimates of 90 and 407 pg/mL, respectively, with similar I max values of 1 and 0.87, respectively. A physiologically based approach was used to predict human PK parameters which were based on in vivo and in vitro data. Consistently high protein binding was reported across species ranging from 99.74% to 99.87%. The authors did not correct for differences in the affinity of FTY720 for S1P1 across species, if any.
Human PK/PD predictions were based on rat and monkey IC 50 values, and literature values for the systemspecific parameters of human basal lymphocyte counts and turnover were used in place of the rats or monkey values. Simulations of the predicted human time-course of lymphocyte depletion were performed at proposed first-in-human doses for comparison with observed values. PK predictions were in close agreement with observed concentration time profiles though a slight over-prediction of C max was noted by the authors. Comparison of the observed and predicted lymphocyte time-course indicated that the physiologically based PK/PD model described the dose-dependent effects of FTY720 on lymphocytes. The IC 50 obtained from the monkey more closely approximated the human; however the actual human IC 50 value was not given for a quantitative comparison. Application of PK/PD models to the prediction of the time course of effect can help to design first-in-human studies.
The application of preclinical PK/PD modeling to support dose selection for a second generation anti-IgE monoclonal antibody was recently presented (62) . The model included data collected as part of the pharmacological characterization of HAE1 and extensive clinical data derived from the lead molecule, omalizumab (Xolair®). The backup molecule was selected on the basis of it's the apparent equilibrium dissociation constant (K d ) of approximately 23-fold lower than omalizumab. A mechanism-based PK/PD model was used to integrate information on the PK of HAE1, binding to IgE, and turnover of IgE using a physiologic receptor binding model. Key assumptions included in the analysis were as follows: (a) omalizumab/HAE1 in vitro and in vivo K D ratios were constant; (b) similar PK/PD parameters with the exception of K d which was drug-specific; (c) similar PK/PD covariates such as baseline IgE and body weight. Based on the relationship between a biomarker response (free IgE) and exacerbations of asthma symptoms after administration of omalizumab, 10 IU/mL was selected as the target biomarker suppression for the backup molecule HAE1. The resulting single dose, dose escalation study design encompassed three cohorts of subjects with allergic rhinitis with or without atopic dermatitis administered either 30/90, 180, or 360 mg SC HAE1. In the initial cohort, a minimum biologic dose of 30 mg was selected to ensure toleration before escalating to higher doses. Rapid analysis of PK/PD data from subjects revealed that 30 mg SC produced greater than expected lowering of free IgE below the target free IgE level of 10 IU/mL. A protocol amendment enabled the addition of an additional cohort of 7.5 mg SC to fully characterize the dose-response relationship. This example demonstrates an example of incorporating data from a lead molecule into the quantitative dose selection rationale for a backup molecule.
CONCLUSIONS
Advancements in translational research have increased opportunities to apply information and knowledge gained during drug discovery into the clinical development program. The strategic application of biomarkers to inform scientists about the successful interaction between drug and pharmacological target, or physiological responses arising from receptor occupancy helps to efficiently guide drug development. At the transition from preclinical to clinical stages, PK/PD modeling provides a conceptual framework to integrate existing information from a variety of in vitro and in vivo sources. While originally seen as an opportunity to mitigate risk in dose selection for high-risk biologics, preclinical PK/PD modeling is being applied in other therapeutic areas, particularly in oncology. Gains in the science of PK/PD predictions will help to deliver new medicines to patients.
